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Preliminary Spectroradiometric Measurements of the
Solar Constant'
Ralph Stair and Russell G. Johnston

Spegtrorediometric mensurementa of the distribution of direct solar radiztion at Sun-

spat,

ew Mexica (altitude 9,200 feet), in June 1955 are deacribed. Detailad specirsl data

were obtained within the spestral range of 200 tg B35 millimicrons for diferent air masaes,

At lon

tween the water-abagrption bands.

wavelengthe radisnt-energy evaluations were mads only for selachked points be-

From these data, supplemented by other measuremsnts and eatimates for radiant-
cnetgy interxitics for very short m]l:l very long wavelengths, o prollminary spestral intogra-
tion of the 1otal aslar inténsity yields a Aclar conatant in general agreement with the best

published valuea,
1. Infroducton -

Eocent scisntific sdvances in many ficlds have
reached the stage whers s higher aecuracy in the
knowledge of the intensity of the radiant energy
from the sun is requirad. & present rescarch has
bean carried out with the idea of obtaining & value
of the solar constant by a method that is different
from previous determinations.

Dwuring the past 30 years the Astrophysical Ob-
servatory of the Smithsonian Instituiion has aceu-
mulated a trereendous amount of spectrsl eolar
radiant energy data at a number of stations seatiored
aver the world. These measurement= have re-
cenily been supplemented by rockef data, which
have extondad tha speetrum essentiaily to the ultra-
violet cutofl of solar emission [1,2] 7

The Smithsonian dats are obtained by a method
that requirps & number of corrections. There is
goinge question a5 to the precise value of sorne of
these cirrections [3,4,56,7]. Many of tham result
from the particular mothod employed in obtaining
and evaeluating the data [3).

In the Smithsanian work [9] ihe solar bearn was
reflected imto a spectroradiometer by & metal-cogtod
mirror whose reflectivity was subject w0 change with
age. In measurements by this method the optical
characteristica of the spectroradiometer would neard
te be evaluated for light reflected from warious
angles. It is difficult to obtain this correction with
a high precision. Bocaose an imsge of the solar digk
was focused upon the entrance slit of the spectrom-
eter, any atterapt to evaluate the data m terms
of an average value for the complete disk would be
subject to doubs,

In addition, an attempt to integrate the data for
the complete spectrum in sbsoluts valun was made by
employing & pyrheliomater in the mensurement of
the total radiant energy coming through the at-
mosphere. This involved a number of potrections
becausa of water vapor and other absorptions in the
atmosphere, as well as sssumptions regarding the
spectral Limits of the two instrumsents. Something

1 This work wad supported by ihe Geophyelca Essearch THreolorala of Alr
Foroe Oamhridga Cenber.
1 Figures In brackets indleats the literature relerrnees of the end of ihis paper.

of the itode of these difficulties has been indi-
cated in the lterntyre 14,7100,

When we speak of the solar constant we really ars
discussing a wariable quantity, as it is generally
reeognized that solar emissions very from time io
time. Howesver, for sll practical Eurpnﬂes, the solar
constent is the mean rate at which =olar radisnt
enargy  (uitraviolet, luminous, and infrarsd) is
gresernt. (per unit ares) in ires space at meonn solar

istance. Expresscd mathematically, it ia the total
solar tadiant energy received in gram-calorics per
square centimeter (iangleys} per minute at the
earth’s mesan distance fromy the sun. The accuraie
mensurement of this constant, as well ga the evalua-
tion of any veristions * that may oceur in its valun,
has great significance in many fields.

The sun is 8 gasecus mass having 8 mean surface
temperature of approximately 6,000 K. To the
uneded eye it appenrs as & amooth circular disk.
Magnified, the suiface appears highly granulated
and surrounded by & gaseous envelope, which, when
examined under suiteble conditions, is found to
undergo much turmoil. In any case, this outer
gaseous envelope produces the Fraunhofer abso
tion apectrum, which modifies markedly the visible
and wtraviolet spectra of the solar emission. Az a
rezult, the effective radiating layer of the aun varica
with. wavelength (frequency of emitted radistion).
That is, the effective solar temperature may be
considerably below 4,000° K in the ultravioles,
wheress it may be significantly different in the
infrared. A value near 7.000° K has been estimated
for the far infrared at aboot 24 u [12,151, Henee
gunspots, flares, or other disturbances in the solar
surface may be expected to affect significantly not
only the relative spectral emission from the sun,
hut alao the total emission—the value of the solar
congtant,

No mention has been made of the radio emissionsz
from the sun. Although such exist and indicato an
effective golar temperature of areund 1,000,000° X
[14, 15}, the energies involvad are insignificant
when compared with the normal Backbody radia-
tion in the heat spectrum

A Menduramaents 1o the vialble spectrum by Hordy aod Gikles omer o G-Fear
pericd ibdleated RIS T anceding 1.4 pmmg[ll]-
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2. Instruments and Method

The netramental ol (R fie, 1) |':||||r||rl'-.'|l-| m
this work has resulted from experictiiess gained in
connection with the measurement of the spectral
diztrbution of the radiaoat L 1Tl g |'I'ur|| the sun nl
Washington and elsewliore duringe the past 5 yoars
[la, 17, 185 1t congsts primacidy of s Carl Leiss
diouble quortz-prismi speclrometer mounted on g
polnr axis driven by o synehronous motor to follow
(approximately) the path of the sun across the sky,

The  usé ol this speditorndiometer  mountid
direetly on o polar axis  eliminaties eorrections
previously requared  beeavse of polarization effects
il'.!i'lﬂjlllll:"ll |l_1. t"'ill'r'liﬂlll‘:‘ |.|| 1-rlr'i"|]|.l' “llu]l"t |rrl||:
the heliostat mirrors aod the faees of (he optical
components of  the spectrometer.  Also, optieanl
ervors nteedvecd by improper pdjustment of Lhe
heliostal, or by golar declinntion elmnge are no langer
present,  The speetrometer 12 simply somed divectly
ft e =L, wluel 1t thei Tollows l']lr:~1'|_l. lor Lird
without sigoificant, veadjostmoent. Aoy deparan
e 1o chinges insolae declination or to atmosprhere
pelraction effecid are  detected l"."‘ l |J||ulm'|lll'||'i1'
ditoctor talso o visual indiestor o the form of o
ilireeted Helil apot) and are cortecied munonlly

rrhl:-\- .‘hl]l"l'l |'|Il'4||ii||rr]i'| e N -'||||}ri,|'|'-i 1w :tlr--qu'f_f l!l|||!'|):
prisms,  through coche of which the radinnt enerey
makes o double pass,  The collimating mireors are
:-tlr_r|.|-1'i:'11| i eonted with slumonem,  The theoe
slits nre mawoually adjustable,  The first andd seeond
shite were el for 8 mechaoeal opentnge of abond
0,15 mng, aod the thivd slit ol 0,50 min, [or most of
the dote reported o the present case.  With this
st riment, chpnges in I-'.ll'ﬂ'|4'||',.’l|| are pecomplished
]llk |:.|'i.=m eobatiion, with o r-'u_l;'rll'||Iurlr-ll—--lun_:tnr' v
aitached 1o phe  wevelength  drone, This uni
preriits pecording al siy one of theee speeds, for-
wanrd or reverse A built<mn elntel pllows 1|l|.i-|'|c
resefting-of the wavelength drmim, so that oy par
of the speatram ean be repeated ol will,

Thie |§|,['_i|l benm wis modulated ot 510 TR T
means of a sector disk mounted on o svoehionons
motor, nond the il af the JJ!|uF||||||n~ wiz fedd
into o tuned amplilier. A strip recorder wis asiod
to register automatically the speereal datn, A 035,
erission-type phototube  was r-|||;§]|ul‘.-'l| ns Lthe
detectar in the oltraviolet and visihle specten Lo
ghout 5500 mu.  An Eastman lead solfide phote-
eonductinge voll waps -'r|||r!||'uu| al loneer wins 1'|1':|;_:ril,~'-_
extending (o gbout 2.0 4, whiere water vapor rendered
the Lerrestrial aimosplere opague to solnr radistion

All ]:I'ilH'i[r:l] COrapHaens ol the SELUD A/ earm-
miereindly  wvadlable, except the toned  ampliier
This was built especially with an 1 l-step sensitivify-
eomlrol {really o b L 1) vonlrol Le SRV TR h of tha
three controls is separately adjustable) =0 as to
tover o wide fange of solar intensities.  Funda-
ntentally, the eifeuit lnyvoht is the same as that of un
mstrument  previously  described [19], Experience
hins supgrested severad modifications, however, thitd
howvey selnpted s use more closely to the present
worle, Chiedl nmong these wre the ineorporation of
the special 11-step 2ensitivity oontrols, the addilion

Froras ] rlflllrul:l.l.'nl.l.ll.lll ||_l' Liag iy b |'|||III|.|I||.'I UL [T PR A P T T

f
JHUTERY GLrAA

ol n switeh o adapt the amplifier for gse with el
sulficle eelis, a -'|1:r||,t_r|' in orid-bigs l.'lr]IIJ,L',I' of 'the
socond nroplifier stnee to aneregde lnearnty o re-
sponse, and additional filteting 1 the power sapply
to improve plate-volluge regolation,  The rovised
eireail dingram s o@voi in fieaee 2

The instrament was 2el up owtdoors, with the axis
g north-south divection = détermined by the
position of the 2un al solar noon.  Leveling serews
at each corier of the mslrmment base (nol shown m
il |PJI.1IlI|-;_"I'JI|r|J' il |HI-i-'i|l|.|' TS Irll'l'i-!' it -Ing
of the instrument inca horigontal posdion,  The in-
strnment base fhus fornished o level surface on which
solnr pir-mess determinations could be made sasily
in terme of the shadow lengths of o evlindrieal
har {20,

rrhj' L||r:'|'||rqull. lr[ i sl el ol ||Ji:-'- |I"|'|'Il.‘ e I
polar axig w onusunl bot oot entively new [21]. The
eonstruciion of this double mooochromator lends
ol to relutively satisfnctory meunting i this
mgnoer, with only minor mstrumental veviaions,
prineipally of increasing the spring fension holding
i |r|'i:-ll||.- i p]u-u Slighe Nexing of @ the lprgor
mirror mounts may be reduesd by added adjustablo
bracing,  The larger opening of the thivd sht elimd-
tbedd post of e ".1..'1.1.1'|1-t|§_"li| drif J'I‘:-'-Hll:lnj_r [rom
ingtrumental digtortion ne the speetroradiometer was
eotated in followinge the sun
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Eleetronie gereatt employed t 510-epcle—per-tecond tuned omplifier,

BRoelatances 10 megchime s#0d mpaoltuness in mbarsarets oot 88 olers e toted.

Effectz of instrumental temperature change were
closaly controlled throveh 24-hour oparation of heat-
ing coala and a thermostat for keepmg the spactrom-
cter at a tompernturc near the highest point that
wowld normally be approached in midafiernoon.
A housing of heavy alominum, msulated inside with
ashestoz and outmide with cork (oot shown in tha
illustration}, simplified femperature-variation prob-
lems. An suxilisry unit controlled the temperature
of the PhS cell, o refriperstion was employed,

The wavelength scale was calibrated with a mer-
cury-vapor lamp for the ultraviolet and wvisible
?ipect.ra {19]. ater vapor, oxygen, and carbon-

1oxide stmpspheric absorption bande werc smployed
in the infrercd. The sclar Fraunhofer hands fur-
mished secondary wavelengih standards and became
the working wavelength references not ouly m re-
aording but in the cvaluation of the data.

A gpecial tungsten-ribbon-flament-in-quertz lump
was empleyed in the spectral radisnt-energy calibra-
tion of the entire spectroradiometer, including all
the optical and elecironic parts, as well as the
recorder.  This new lamp was more intenzs and more:
compact buf otherwize similar to the standard lamps
previouely emploved [17, 18] The greater com-
pactness of the lamp, together with the elimination
of the heliostat, permitted the placing of the stendard
much closer to the antrance shit of the spectrometer,
po that the calibrating intensities were increased by
a factor of 10 or more above that previonsly possible,

Furthermore, for the spectral region of wavalengtha
between 206.7 and 435.8 my, 8 mercury-arc lamp was
emploved as & supplementary standard of rediant

intensity. The relative intensitics of the mercury
lines from this source are known in this spectral
region frotn luborstory messurements. The response
of the spectroradicmeter was calibrated from theso
mercury lines by normalizing their intensities against
Lhe tungsten continoum at 4045 and 4358 mgu.

The spoetral distribution of the radisnt energy of
the tungsten-ribben-lilament-in-quartz lamp was
establiched in termns of ita color temperature {meas-
wred by the Colorimetry Section of the Burean} the
apactral rmissivity of tungsten* s determined by
DeVos [22], and the absclute radiant-energy outpul
for selected wevelengths in terms of an NBS atandard
of thernnl radiation [23, 24). The first step of this
evaluation involved the determination of the true
temperature of the tungaten filament in terma of the
color temperatyrs {2,854°K, C;=14,380) and the spec-
tral emissivity of tungsten. A waluc of 2,790°K
resilted from Lhis ealeulation,  Naxt, by employin
hlackbody dats for this temperature and the spectra
emissivities of tungaten (taken frotn the DeVos data),
s relative spectral-energy curve for the tungsten-
ribbon-filament wes caleulated.  Finally, through the
uee of color filters the abzoiuts radiant energy for the
tungzten Jamp wae determined radiometrically for a
number of selecled apectral regions within the
vicinity of some of the stronger mereury ernission
lines, which served as secondary radiant-intensity
standards in ecarrving over the calibration from the
thermal carbon-flament standards.

414 1o reslipod that th published values of tangken etlssvicy may oot be

ey emploped in the stapdardizetien of iha thebar t «ribbpn
%Emu:ﬁd L gbiy work, However, variathena Mw&ﬁjmﬂt nﬁhﬁ]u Jamnips
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3. Spectral! Solar-Energy Distribution

Most of the details relating to the redustion of the
spectral distribution of the solar radiant energy (see
tahle 1 and fig. 3) are omitted from this roport. How-
ever, the methods were similar to those de=cribed in
previous reports [16,17,18], for the ultraviolet and
part of the vimble portions of the spectrum *

Tasre 1.  Spectral disrbubion of radiand snergy fram the sun

Jor selecied gir merser, Sunspot, N, Mex.
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For the spectral region from shout 540 mp t0 2.5
coverad by the lead sulfide-cell measurements a
slightly different technique was required in the
detsrmination of the spectral radiant-energy emis-
gion of the sun. Although the lead sulfide cell was
enclosed in a sealed brass box {constructed of massive
material of thicknesses ranging from ¥ to ¥ in.) and
thermostatically controlled so that temperature and
humidity conditions were relatively constant, large
changes in sensibivity cceurred {rom time Lo time, so
that direct standard-lamp calibrations {(although
mede severnl times each day) esuld not bo relied
upon, Hence, measurements at two wavelengths in
the visthle sapoctrum (428 and 437 mu), which were
repeatedly scanned every few minutes along with
tha infrared spectrum, were amtﬁluynd ih establiehing
tha energy levels throughout the mwirared spectrum.
In doing this it was assumed that the solar intensity
at thess kay wevelenpths remainad £he same during
the time the work was in progress (June 3 to 19).
This assumption i= probably true within the limits
of the experimental data [11]. Reference to tabla 1
indicates tha small spremi found in ithe observed
intensity at these wavclengths for the 4 days vpon
which the infrared data are tased.

Furihermore, within the infrered spectrum =
number of intehse water-vapor bands exist, The
principsal ones near 942 1,135, 1,579, and 1,872 mp
extend over relatively wide spectral regions and have
intense nban{ﬁt-ian, po that the usual variations
occurring in the concentration of water vapor in the
at-muaghem pbova the S8acrpmento Mouniains pro-
hibited the wse of any wavelengths within the
immediate vicinity of these repiona in the svaluation
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of the date. Hence, it was nnncssu.tliy te chaoze o
group of wavelengths that was little affectad by
water vapor in the extrapolations and caleulations
of the epectral! solar radiant energy in the infrared

ion between tha vizible and 2.5 4. Although the
4 daye (June 16, 17, 18, and 19) for which the data
were reduced were exceptionally dry for the location,
the water-vapor absorption was very intense and
therefore very seneitive io small changes in tha total
water content of the atmosphere. This high sensi-
tivity to amall chanpes in atmospherie water content
has becon recognized in the development of abeclute
humidity metera [25].

4, Bimcepheric Transmittance and Ozone

The atmoepheric trensmission curve calculated on
the hasiz of the data for the 4 day= (dune 3, 4, 6,
and 7) is given in figure 4, In this illustration the
logarithm of the observed transmittances of unit
atmesphere has been plotied aEai.nat a function ol
the wavelength., In order to obtain & streight line
within thoze trel regions in which thera is no
atmospheric absorption, the wavelength scale has
ham ed secording to the funetion —(p-13
A~ of Rayleigh’s law of molecular scattering [28].
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The selective absorption at warelengths shorter than
about 340 mp i3 assumed to result from ozone. The
amount of absorption = hence 8 measure of the total
ozole concentration in the upper atmozphere,

In order to translate the specific absorption data
in the wavelength region below 340 mu inte precise
mmonnts of ozone, the absorption cocfficients for
the pure gas reported by FFabry and Buoisson have
been employed [27] in the ealculations of the two
curves (fig. 4) representing the amounts of ozone
required [or a sinalar amount of optical shsorption,
On the basiz of these data, about 0.22 Lo 0.23 em of
vzone (ntp) was present st the time this investiga-
tion was in progress. This i= in closc agreement
with previcus measurements at this station for this
seeson of the year {18, 28).

B. Evaluation of the Solar Constant

The spectral range covered in this work includes
most of the solar radiant ensvgy reaching the earth's
gurface. Jts n=e in en integration of the soler
emission, caleulated for outside the torrestrial
stimosphere for mean solar distance {per unit nran),
resylts 0w rediant-energy value known g9 the solar
constent, ¢, when defined in terms of gram-calories
per sguare centimeter (langleys) per minute,

The avaluation of @ raquire= three staps: first an
intertation of the data recorded herein (see ﬁg a) for
alr mass (), that 15, putside the atmosphere within the
limits of observation—300 to 2,500 mu; second, a
correction for mean solar distance; and third, corree-
tions for unmeasured ultraviolet and infrared radiant
energy of wavelengths shorter than 300 mu and
longer than 2,500 my.

Tha integrated values resulting as the menn for 4
days whereln measurements wers mada through the
spectral region of 300 to 540 myu and for the 4 days
wherein measurements wore made through the spec-
tral region of shout 320 ta 2,600 my are piven
talle 2. Thess values have been incroased already
by 2.94 percent, the amount to correct them for mean
goler distance. Tha corraction in the uliraviclet for
wavelengths below 200 has been made by arhitrarily
extrapolating the solar energy curve to gero within the
spectral region of about 20¢ to 220 mp®  The infra-
red porrection of 9.06 gram-calories per square cont-
imetcr })er minute has been added as the probable
valua of =solar radiant coergy for wavelengths longer
than 2.5 4 [§] hased on a blackbady curve at the solar
temperature. This results in a valua of 2.05 gram-
calories per square cenfimeter per minute a3 a pre-
liminary measured value of the solar constant, ¢, by
this mathed. This value is probably correct to less
than 5 percent and iz in general agresment with recent
estimates (4, 5, 18], being a little higher than those
ususlly reported by the Smithsonien Institution.

* Roclet data wers azamined [1, 3 s0d guided somewrhat the extent of this mmall
torbait R

Tasue 2. Inlegraled specirel distribudion of selar rediond
energy for gir maza O
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6. Diacussion of the Data

This work is a continaation of that previoualy
imtizted and has offered an cpportonity to test the
morits of certain chanpes in the orginel equipment
[14, 17, 18]. Although on many doys clouds or dust
interfered with the work, there were 8 daya {4 when
the ultraviolet phototube was set up and 4 when the
lead sulfide cell was employed) on which little inter-
ference resulted from dust or clouds. Only the data
obtained on thess daya have been ased in the redue-
tions for the spectral-enerpy distributions and for
the integration of the value of the solar constant, &,
Thia work involves radiant-enerzy evaluations of a
highly comphceted nature, so that there are numer-
ong points st whieh errors or uneertainties may entor,
Hence, the sceuracy cannct be claimad to be better
then plus or minua & few percent. However, the
preliminary evaloation of the solar constant by this
method indicates something of the possibilities that
exist in this field. Improvements of the agquipment

ilo




no doubt account for certsin varistions between
the data recorded herein and thosse previously
roported at Climax [17] and at Sacramento Peak [18].
Others possibly result from solar changes within the
interval, Futura measerements of a still hipher
eccuracy should furnish mueh valmable inforn:ation
on the character of the asolar radiation and the
itude of its variations,

he spectral-energy values, as well as the inte-
grated total {solar @) intengities, are dependent very
much upon the adopted values for the spectral
emissivity of tungsten. Hence, if it is later found
thet erroneous values for the spectrel smiesivity of
tungzsten have been employed 1 this work, & corree-
tion to the date recorded herein will be required.
Basic to the comperison of Smithspnian valua of the
solar conatant and that hera derived is the comparison
of the rediometric standarde used by the Bureau
and the Bmithsonian Scale of Pyrheliometry.
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